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@ Active acoustic control system matching model reference. 



(57) An acoustic system (20) includes a model 
reference (22) having a selectably programm- 
able response, and an active model (24) includ- 
ing in combination an acoustic path (26) and an 
adaptive filter (28) such that the combination of 
the acoustic path (26) and the adaptive filter (28) 
adaptive! y models the model reference (22) 
such that the combined response of the acous- 
tic path (26) and the adaptive filter (28) provides 
an active model response matching the res- 
ponse of the model reference (22). 
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BACKGROUND AND SUMMARY 

The invention relates to active acoustic control 
systems. 

The invention arose during continuing develop- 5 
ment efforts relating to the subject matter shown and 
described in U.S. Patents, 4,677,676, 4,677,677. 
4,736,431, 4,815,139, 4,837,834, 4,987,598, 
5,022,082, 5,033,082, 5,172,416 and allowed U.S. 
application Serial Nos. 07/691,557, 07/794,115, 10 
07/835,721, these applications corresponding re- 
spectively to EP-A-0510864, EP-A-0542457 and EP- 
A-0555585, all incorporated herein by reference. 
These patents and applications relate to active 
acoustic attenuation systems. Active acoustic at- is 
tenuation for sound or vibration cancellation or reduc- 
tion involves injecting a canceling acoustic wave to 
destructively interfere with and cancel or reduce an 
input acoustic wave. In an active acoustic attenua- 
tion system the output acoustic wave is sensed with 20 
an error transducer such as a microphone or accel- 
erometer which supplies an error signal to an adap- 
tive filter model which in turn supplies a correction 
signal to a canceling transducer such as a loudspeak- 
er or shaker which injects an acoustic wave to de- 25 
structively interfere with and cancel or reduce the in- 
put acoustic wave. 

The present invention provides an active model 
modeling an actual desired response characteristic, 
and providing a controlled acoustic path matching 30 
same. A model reference is provided having a select- 
ably programmable response. For example, in a vi- 
bration control system providing force and/or motion 
isolation, a certain damping response characteristic 
may be desired such as over-damped, under-damp- 35 
ed, quick response, slow stable response with no 
overshoot, etc. A model reference is selected or pro- 
grammed to have such response. An active model is 
then provided, including in combination an acoustic 
path and an adaptive filter such that the combination 40 
of the acoustic path and the adaptive filter adapt ively 
models the model reference such that the combined 
response of the acoustic path and the adaptive filter 
provide an active model response matching the re- 
sponse of the model reference. The acoustic path is 45 
a sound duct, a vibration table, a frame, cab, seats, 
engine or interior of a vehicle, or other complex struc- 
tures or environments for sound or vibration propaga- 
tion where it is desired to provide a selectably pro- 
grammable response of an acoustic wave propagat- so 
ing along an acoustic path to provide a controlled re- 
sponse. 

In a further embodiment, the invention addition- 
ally provides active acoustic attenuation. A control led 
adaptive response to the input acoustic wave is pro- 55 
vided, matching the response of the selectably pro- 
grammable model reference, and additionally the in- 
put acoustic wave is attenuated or canceled. The not- 



ed adaptively controlled response characteristic fa- 
cilitates the attenuation because of the noted match- 
ing to a known model reference. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic illustration of an active 
acoustic system in accordance with the invention. 

FIG. 2 is like FIG. 1 and shows a further embodi- 
ment 

FIG. 3 is like FIG. 1 and shows a further embodi- 
ment 

FIG. 4 is like FIG. 1 and shows a further embodi- 
ment 

FIG. 5 is like FIG. 1 and shows a further embodi- 
ment 

FIG. 6 is like FIGS. 2 and 4 and shows a further 
embodiment 

FIG. 7 is like FIGS. 2 and 5 and shows a further 
embodiment 

FIG. 8 is like FIGS. 3 and 4 and shows a further 
embodiment 

FIG. 9 is like FIGS. 3 and 5 and shows a further 
embodiment 

FIG. 10 is like FIG. 1 and shows a further em- 
bodiment 

FIG. 11 further illustrates the system of FIG. 1. 

FIG. 12 further illustrates the system of FIG. 1 in 
another embodiment. 

FIG. 13 is like FIG. 12 and shows a further em- 
bodiment. 

FIG. 14 is like FIG. 13 and shows a further em- 
bodiment. 

FIG. 15 is like FIG. 10 and shows a further em- 
bodiment 

DETAILED DESCRIPTION 

FIG. 1 shows an active acoustic system 20 in- 
cluding a model reference R at 22 having a selectably 
programmable response, for example Adaptive Con- 
trol , Astrom and Wittenmark, Lund Institute of Tech- 
nology, Addison- Wesley Publishing Company, Read- 
ing, Massachusetts, 1989, Chapter 4, pages 105- 
162. The model reference is selected or programmed 
to have a desired response, e.g. in a vibration appli- 
cation to have a given damping characteristic re- 
sponse. System 20 further includes an active model 
M at 24 including in combination an acoustic path P 
at 26 and an adaptive filter 28 such that the combin- 
ation of acoustic path 26 and adaptive filter 28 adap- 
tively models model reference 22 such that the com- 
bined response of acoustic path 26 and adaptive filter 
28 provides an active model response matching the 
response of model reference 22. Adaptive filter 28 is 
preferably an infinite impulse response, IIR, filter as 
in the above noted incorporated patents, preferably 
provided by an RLMS (recursive least mean square) 
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filter including LMS (least mean square) algorithm fil- 
ter A t at 30 and LMS algorithm filter B, at 32. In an- 
other embodiment, filter 28 is provided by a finite im- 
pulse response, FIR, filter. 

A first transducer T t at 34, e.g. a loudspeaker, s 
shaker, force motor, or other acoustic actuator, is pro- 
vided for introducing an acoustic wave to acoustic 
path 26. A second transducer T 2 at 36, e.g. a micro- 
phone, accelerometer, load cell, velocity sensor such 
as a geophone, or other acoustic sensor, is provided to 
for sensing the response of the acoustic path. A sum- 
mer 38 sums the outputs 40 and 42 of model refer- 
ence 22 and active model 24, respectively, and pro- 
vides the resultant sum as an error signal 44. Adap- 
tive filter 28 has a filter input 46 from transducer 36, 15 
a filter output 48 to transducer 34, and an error input 
50 from summer 38. The input 46 to adaptive filter 28 
is also provided as the output 42 of active model 24 
to summer 38. 

An auxiliary noise source 52 introduces auxiliary 20 
noise to model reference 22 at input 54 and to active 
model 24 at input 56. The auxiliary noise is random 
and uncorrected to the external disturbances 58 to 
which the acoustic path is subject In preferred form, 
and as in incorporated U.S. Patent 4,677,676, the 25 
auxiliary noise is provided by a Galois sequence, 
Number Theory In Science And Communications , 
M.R. Schroeder, Berlin: Springer- Verlag, 1984, pa- 
ges 252-261, though other random noise sources 
may be used to provide the uncorrected sound or vi- 30 
brat ion noise signal. The Galois sequence is a pseu- 
dorandom sequence that repeats after 2"-1 points, 
where M is the number of stages in a shift register. 
The Galois sequence is preferred because it is easy 
to calculate and can easily have a period much longer 35 
than the response time of the system. 

Summer 60 sums the output 48 of adaptive filter 
28 and the auxiliary noise at 62 from auxiliary noise 
source 52, and provides the resultant sum at 64 to 
transducer 34. Another adaptive filter C at 66 has a ao 
filter input 68 receiving auxiliary noise from auxiliary 
noise source 52, comparably to adaptive filter 142 in 
incorporated U.S. Patent 4,677,676. Summer 70 
sums the output 72 of adaptive filter 66 and the output 
at 74 of transducer 36, and supplies the resultant sum 45 
at 76 as an error input to adaptive filter 66. Multiplier 
78 multiplies the output of auxiliary noise source 52 
at filter input 68 with the output 76 of summer 70 and 
supplies the resultant product at 80 as a weight up- 
date signal to C filter 66. The filter input 68 to C filter so 
66 is provided from the input 56 to active model 24. 
C filter 66 is preferably an LMS algorithm filter. 

The A 1 and B, adaptive algorithm filters 30 and 
32 each have an error input 82 and 84, respectively, 
from the output 44 of summer 38. Summer 86 sums 55 
the outputs 88 and 90 of filters 30 and 32, respective- 
ly, and supplies the resultant sum at 92 as an input at 
48 to summer 60 forsumming with the auxiliary noise. 



A copy C of filter 66 is provided in filter 28 at 94, and 
another copy C of filter 66 is provided in filter 28 at 
96, as in incorporated U.S. Patent 4,677,676. C copy 
94 of C filter 66 has an input 98 from transducer 36. 
C copy 96 of C f i Iter 66 has an input 1 00 from the out- 
put 92 of summer 86. Multiplier 102 multiplies the out- 
put 104 of C copy 94 with the output of summer 38 
and supplies the resultant product at 106 as a weight 
update signal to the At filter 30. Multiplier 108 multi- 
plies the output 110 of C copy 96 with the output of 
summer 38 and supplies the resultant product at 112 
as a weight update signal to the B filter 32. 

FIG. 2 shows a further embodiment, and uses 
like reference numerals from FIG. 1 where appropri- 
ate to facilitate understanding. In FIG. 2, another 
adaptive filter at 120 has a filter input 122 from the 
output of acoustic path P, a filter output 124 to sum- 
mer 38, and an error input 1 26 from the output of sum- 
mer 38. Multiplier 128 multiplies the input 1 22 to filter 
1 20 with the output of summer 38 and provides the re- 
sultant product at 130 as a weight update signal to fil- 
ter 120. 

The product of active model M at 24 and adaptive 
filter N, at 120 models and converges to model refer- 
ence R, i.e. 

M-ty = R Equation 1 
Thus, adaptive filter N A models the quotient of 
model reference R and active model M, i.e. 

A/! = Equation 2 
M 

The inclusion of adaptive filter to model the quo- 
tient of the model reference R and the active model 
M improves matching thereof, particularly the filter 
gains. 

FIG. 3 shows a further embodiment, and uses 
like reference numerals from FIG. 1 where appropri- 
ate to facilitate understanding. In FIG. 3, an adaptive 
filter N 2 at 140 has a filter input 142 receiving input 
noise, a filter output 144 to the input of the acoustic 
path P through summer 146, and an error input 148 
from the output of summer 38. The output 144 of 
adaptive filter 140 is also provided to filter input 68 of 
C filter 66. A C copy 150 of C filter 66 has an input 
1 52 from the input 142 to adaptive filter 140. Multipli- 
er 154 multiplies the output 156 of C copy 150 with 
the output of summer 38 and supplies the resultant 
product at 158 as a weight update signal to adaptive 
filter 140. 

In FIG. 3, the product of adaptive filter N 2 and ac- 
tive model M models and converges to model refer- 
ence R, i.e. 

N r M = R Equation 3 
Thus, adaptive filter N 2 models the quotient of 
the model reference R and active model M, i.e. 

o 

rV 2 = — Equation 4 
M 

The inclusion of adaptive filter N 2 to model the quo- 
tient of model reference R and the active model M im- 



3 



EP0 611 089 A2 



proves matching thereof, particularly the filter gains. 

FIG. 4 shows a further embodiment, and uses 
like reference numerals from FIG. 1 where appropri- 
ate to facilitate understanding. In FIG. 4, an adaptive 
filter N 3 at 170 has a filter input 172 from the output s 
of model reference 22, a filter output 174 to summer 
38, and an error input 176 from the output of summer 
38. Multiplier 178 multiplies the input 172 to filter 170 
with the output of summer 38 and provides the resul- 
tant product at 180 as a weight update signal to adap- 10 
thve filter 170. 

In FIG. 4, the product of model reference R and 
adaptive filter N 3 models and converges to active 
model M, and likewise active model M models and 
converges to the product of model reference R and is 
adaptive filter N 3 , i.e. 

RN 3 = M Equation 5 
Thus, adaptive filter N 3 models the quotient of active 
model M and model reference R, i.e. 



N 3 = !d Equation 6 



A/ 4 = ^ Equation 8 



20 



The inclusion of adaptive filter N 3 to model the quo- 
tient of active model M and model reference R im- 
proves matching thereof, particularly the filter gains. 

FIG. 5 shows a further embodiment, and uses 25 
like reference numerals from FIG. 1 where appropri- 
ate to facilitate understanding. In FIG. 5, an adaptive 
filter N 4 at 190 has a filter input 192 receiving input 
noise, a filter output 194 to the input of model refer- 
ence 22, and an error input 196 from the output of 30 
summer 38. A copy R' of the model reference R is pro- 
vided at 198 and has an input 200 from the input 192 
to adaptive filter 1 90. Multiplier 202 multiplies the out- 
put 204 of R' copy 196 with the output of summer 38 
and supplies the resultant product at 206 as a weight 35 
update signal to adaptive filter 190. 

In FIG. 5, the product of adaptive filter N 4 and 
model reference R models and converges to active 
model M, and likewise active model M models and 
converges to the product of adaptive model N 4 and 40 
model reference R, i.e. 

N A R = M Equation 7 
Thus, adaptive filter N 4 models the quotient of active 
model M and model reference R, i.e. 



45 



The inclusion of adaptive filter N 4 to model the quo- 
tient of active model M and model reference R im- 
proves matching thereof, particularly the filter gains. 

FIG. 6 shows a further embodiment, and uses 50 
like reference numerals from FIGS. 2 and 4 where ap- 
propriate to facilitate understanding. In FIG. 6, the 
system of FIG. 2 is provided with another adaptive N 
filter in accordance with FIG. 4, to provide a combin- 
ation of N t and N 3 such that 55 

R N 3 = M-rV, Equation 9 
Thus, the model reference R is further factored by N 3 , 
and N t models the quotient of such further factored 



A/ 3 = 



Equation 11 



model reference and the active model M, i.e. 
w i " ~TT Equation 10 

Likewise, active model M is further factored by N t , 
and N 3 models the quotient of such further factored 
active model and the model reference R, i.e. 

R 

FIG. 7 shows a further embodiment and uses 
like reference numerals from FIGS. 2 and 5 where ap- 
propriate to facilitate understanding. In FIG. 7, the 
system of FIG. 2 is provided with another adaptive N 
filter in accordance with FIG. 5, to provide a combin- 
ation of N, and N 4 such that 

N A R = MW, Equation 12 
Thus, the model reference R is further factored by N 4t 
and N, models the quotient of such further factored 
model reference and the active model M, i.e. 

Wi = ^rr Equation 13 
M 

Likewise, active model M is further factored by N 1t 
and N 4 models the quotient of such further factored 
active model and the model reference R, i.e. 

N 4 - t£?h. Equation 14 

FIG. 8 shows a further embodiment, and uses 
like reference numerals from FIGS. 3 and 4 where ap- 
propriate to facilitate understanding. In FIG. 8, the 
system of FIG. 3 is provided with another adaptive N 
filter in accordance with FIG. 4 f to provide a combin- 
ation of N 2 and N 3 such that 

RN 3 = N 2 M Equation 15 
Thus, the model reference R is further factored by N 3 , 
and N 2 models the quotient of such further factored 
model reference and the active model M, i.e. 
R'N 

N 2 = —J. Equation 16 
M 

Likewise, active model M is further factored by N 2 , 
and N 3 models the quotient of such further factored 
active model and the model reference R, i.e. 
N 2 M 



Equation 17 



FIG. 9 shows a further embodiment, and uses 
like reference numerals from FIGS. 3 and 5 where ap- 
propriate to facilitate understanding. In FIG. 9, the 
system of FIG. 3 is provided with another adaptive N 
filter in accordance with FIG. 5, to provide the com- 
bination of N 2 and N 4 such that 

N A R = N Z M Equation 18 
Thus, the model reference R is further factored by N 4 , 
and N 2 models the quotient of such further factored 
model reference and the active model M, i.e. 

N 2 = Equation 19 

M 

Likewise, active model M is further factored by N 2 , 
and N 4 models the quotient of such further factored 
active model and the model reference R, i.e. 
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N 4 = -~- Equation 20 
H 

In FIGS. 2-9, each of adaptive filters N,, N 2 , N 3 , 
N 4 is preferably an FIR adaptive filter, preferably pro- 
vided by an LMS algorithm filter. In an alternate em- 5 
bodiment, such filters are II R filters, preferably 
RLMS filters. 

FIG. 10 shows a further embodiment and uses 
like reference numerals from FIG. 1 where appropri- 
ate to facilitate understanding. FIG. 10 shows an ac- 10 
tive acoustic attenuation system 220 incorporating 
the system of FIG. 1 and additionally attenuating or 
canceling an input acoustic wave. Transducer 34 pro- 
vides an output transducer introducing a canceling 
acoustic wave to attenuate the input acoustic wave is 
and yield an attenuated output acoustic wave. Trans- 
ducer 36 provides an error transducer sensing the 
output acoustic wave. Adaptive filter 222 outputs a 
correction signal at 224 to transducer 34 to introduce 
the canceling acoustic wave. Summer 226 sums the 20 
auxiliary random noise from source 52 and the output 
224 of adaptive filter 222. Summer 228 sums the out- 
put 48 of adaptive filter 28 and the output of summer 
226 and supplies the resultant sum to transducer 34. 
The summation of the auxiliary random noise at 62 25 
and filter outputs 224 and 48 may be split into two sta- 
ges as shown at summers 226 and 228, or may be 
combined in a single summation step, i.e. the summa- 
tion may be provided by a pair of two-input summers 
or by a single three-input summer. 30 

Adaptive filter 222 is preferably an IIR filter, as 
shown at 40 in incorporated U.S. Patent 4,677,676, 
preferably an RLMS algorithm filter including an LMS 
algorithm filter A 2 at 232, and an LMS algorithm filter 
B 2 at 234, each having an error input 236 from the out- 35 
put of summer 38. Summer 238 sums the outputs of 
A 2 and B 2 algorithm filters 232 and 234 and supplies 
the resultant sum at filter output 224 to the input of 
summer combination 226, 228. A copy C of C filter 66 
is provided at 240 and has an input from the input 242 40 
to the A 2 filter 232. Multiplier 244 multiplies the output 
of C copy 240 and the output of summer 38 and sup- 
plies the resultant product at 246 as a weight update 
signal to algorithm filter 232. Another copy C* of C fil- 
ter 66 is provided at 248 and has an input from the in- 45 
put to B 2 filter 234 from the output of summer 238. 
Multiplier 250 multiplies the output of C copy 248 
with the output of summer 38 and supplies the resul- 
tant product at 252 as a weight update signal to algo- 
rithm filter 234. 50 

Summer 254 sums the output of C copy 248 and 
the output of summer 38, and supplies the resultant 
sum as the input at 242 to adaptive algorithm filter 
232. This is known as the equation error form, as not- 
ed in incorporated allowed U.S. application Serial No. 55 
07/835,721. This form is useable for a correlated in- 
put acoustic wave, eliminating the need for an input 



transducer such as 10 in incorporated U.S. Patent 
4,677,676. Correlated means periodic, band-limited, 
or otherwise having some predictability. In an alter- 
nate embodiment, the input signal at 242 is provided 
by an input transducer, such as an input microphone 
or accelerometer, or by some signal which is itself 
correlated to the input acoustic wave, e.g. from a 
tachometer. 

In further alternatives, the embodiments in 
FIGS. 2-9 are used in combination in the system of 
FIG. 10. In using the systems of FIGS. 3, 8 or 9 in FIG. 
10, it is preferred that N 2 be provided in series be- 
tween summers 226 and 228. 

FIG. 11 shows a further embodiment, and uses 
like reference numerals from FIG. 1 where appropri- 
ate to facilitate understanding. FIG. 11 shows the sys- 
tem of FIG. 1 in a sound application where the acous- 
tic path P is provided by duct 260 having transducer 
Ti provided by loudspeaker 262, and transducer T 2 
provided by microphone 264. 

FIG. 12 shows a further embodiment, and uses 
like reference numerals from FIG. 1 where appropri- 
ate to facilitate understanding. FIG. 12 shows the sys- 
tem of FIG. 1 in a vibration application where the 
acoustic path P is provided by table 270 having trans- 
ducer T, provided by shaker or force motor 272, and 
transducer T 2 provided by accelerometer 274. 

FIG. 13 shows a further embodiment, and uses 
like reference numerals from FIG. 12 where appropri- 
ate to facilitate understanding. FIG. 1 3 shows the sys- 
tem of FIG. 12 in a force isolation application, for ex- 
ample active engine mounts in an automobile, truck 
or other vehicle, where the acoustic path P is the ve- 
hicle frame 280. Amass 282, such as the vehicle en- 
gine is mounted to the frame by engine mounts hav- 
ing a resilient spring factor 284, and a damping factor 
286. Frame 280 is subject to external disturbances 
such as provided by the mass or engine 282, which 
for example may be the reciprocating piston move- 
ment within the engine. Force motor 272 applies con- 
trolled force between mass 282 and frame 280 to pro- 
vide force isolation, isolating frame 280 from the 
force or disturbances of mass 282. One particularly 
desirable implementation of the system in FIG. 13 
isolates a vehicle frame 280, and hence the vehicle 
passengers, from engine vibration, particularly at 
idle or low engine rpm. This eliminates the need for 
crankshaft counterweights to provide smooth vibra- 
tion-free engine operation at idle. In a further em- 
bodiment of the system of FIG. 13, mass 282 is an in- 
ertia! mass, and frame 280 is subject to disturbances. 
This latter implementation is also useful in engine 
mount applications. 

FIG. 14 shows a further embodiment, and uses 
like reference numerals from FIG. 13 where appropri- 
ate to facilitate understanding. FIG. 14 shows the sys- 
tem of FIG. 1 3 in a vibration application for motion iso- 
lation, isolating a mass 290, such as a vehicle cab, 
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from the motion of the vehicle frame 292 which is sub- 
ject to external disturbances such as road bumps, etc. 
The acoustic path P is the mass 290, for example the 
vehicle cab which is mounted to the vehicle frame 292 
by a suspension system including spring 294 and 5 
damping shock absorbers 296. 

FIG. 15 shows a further embodiment, and uses 
like reference numerals from FIG. 10 where appropri- 
ate to facilitate understanding. In the embodiment of 
FIG. 15, the auxiliary random noise signal from 10 
source 52 is filtered by a shaping bandpass filter 298 
to provide a random noise signal with a desired power 
spectrum, to provide a tighter fit of active model M 
and model reference R as a function of frequency. In 
a further embodiment as also shown in FIG. 1 5, mod- is 
el input 242 is provided by a reference input signal 
from an input source 300, such as a tachometer or 
other acoustic sensor, which input signal is correlated 
to the external disturbances. In a further embodi- 
ment, model reference R can be calculated from or in- 20 
elude a function of the controller parameters A 1( B 1 
and/or the acoustic path P and/or the transducers T,, 
T 2 . In a further embodiment, filters N 1( N 2 , N 3 , N 4 can 
be calculated from or include a function of the control- 
ler parameters A 1t B t and/or the acoustic path P 25 
and/or the transducers T lP T 2 . 

It is recognized that various equivalents, alterna- 
tives and modifications are possible within the scope 
of the appended claims. 

30 

Claims 

1. An active acoustic system comprising: 

a model reference having a selectably pro- 35 
grammable response; 

an active model comprising in combina- 
tion an acoustic path and an adaptive filter such 
that the combination of said acoustic path and 
said adaptive filter adaptrvely models said model 40 
reference such that the combined response of 
said acoustic path and said adaptive filter pro- 
vides an active model response matching the re- 
sponse of said model reference. 

45 

2. The invention according to claim 1 comprising: 

a first transducer introducing an acoustic 
wave to said acoustic path; 

a second transducer sensing the re- 
sponse of said acoustic path; so 

a summer summing the outputs of said 
model reference and said active model and pro- 
viding the resultant sum as an error signal; 

said adaptive filter having a filter input 
from said second transducer, a filter output to 55 
said first transducer, and an error input from said 
summer. 



3. The invention according to claim 2 comprising an 
auxiliary noise source introducing auxiliary noise 
to said active mode!. 

4. The invention according to claim 3 wherein said 
acoustic path is subject to external disturbances, 
and said auxiliary noise is random and un cor re- 
lated to said external disturbances. 

5. The invention according to claim 4 wherein said 
auxiliary random noise is filtered by a shaping 
bandpass filter to provide a tightness of fit of said 
active model and said model reference as a func- 
tion of frequency. 

6. The invention according to claim 3 comprising a 
second summer summing the output of said 
adaptive filter and said auxiliary noise from said 
auxiliary noise source, and providing the resul- 
tant sum to said first transducer. 

7. The invention according to claim 6 wherein the in- 
put to said adaptive filter input is also provided as 
the output of said active model to said first men- 
tioned summer. 

8. The invention according to claim 3 comprising a 
second adaptive filter having a filter input receiv- 
ing said auxiliary noise, a copy of said second 
adaptive filter in said first mentioned adaptive fil- 
ter, a second summer summing the output of said 
second adaptive filter and the output of said sec- 
ond transducer and supplying the resultant sum 
as an error input to said second adaptive filter. 

9. The invention according to claim 8 comprising: 

a third summer summing auxiliary noise 
from said auxiliary noise source and the output of 
said first adaptive filter and supplying the resul- 
tant sum to said first transducer; 

wherein said first adaptive filter compris- 
es first and second algorithm filters each having 
an error input from the output of said first men- 
tioned summer; 

a fourth summer summing the outputs of 
said first and second algorithm filters and supply- 
ing the resultant sum as an input to said third 
summer for summing with said auxiliary noise; 

a first copy of said second adaptive filter 
having an input from said second transducer 

a second copy of said second adaptive fil- 
ter having an input from the output of said fourth 
summer; 

a first multiplier multiplying the output of 
said first copy with the output of said first summer 
and supplying the resultant product as a weight 
update signal to said first algorithm filter; 

a second multiplier multiplying the output 
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of said second copy with the output of said first 
summer and supplying the resultant product as a 
weight update signal to said second algorithm fil- 
ter. 

5 

10. The invention according to claim 2 comprising a 
second adaptive filter having a filter input from 
an input to said active model, and a second sum- 
mer summing the output of said second adaptive 
filter and the output of said second transducer 10 
and supplying the resultant sum as an error input 

to said second adaptive filter. 

11. The invention according to claim 2 comprising a 
second filter modeling the quotient of said model is 
reference and said active model to improve 
matching thereof. 

12. The invention according to claim 11 wherein said 
second filter is adaptive and has a filter input 20 
from the output of said acoustic path, a filter out- 
put to said summer, and an error input from the 
output of said summer. 

13. The invention according to claim 11 wherein said 25 
second adaptive filter has a filter input receiving 
input noise, a filter output to the input of said 
acoustic path, and an error input from the output 

of said summer. 

30 

14. The invention according to claim 13 comprising: 

a third adaptive filter having a filter input 
from the output of said second adaptive filter 

a second summer summing the output of 
said third adaptive filter and the output of said 35 
second transducer and supplying the resultant 
sum as an error input to said third adaptive filter 

a copy of said third adaptive filter having 
an input from the input to said second adaptive 
filter; 40 

a multiplier multiplying the output of said 
copy with the output of said first summer and sup- 
plying the resultant product as a weight update 
signal to said second adaptive filter. 

45 

15. The invention according to claim 2 comprising a 
second filter modeling the quotient of said active 
model and said model reference to improve 
matching thereof. 

50 

16. The invention according to daim 1 5 wherein said 
second filter is adaptive and has a filter input 
from the output of said model reference, a filter 
output to said summer, and an error input from 

the output of said summer. 55 

17. The invention according to claim 15 wherein said 
second adaptive filter has a filter input receiving 



input noise, a filter output to the input of said mod- 
el reference, and an error input from the output of 
said summer. 

18. The invention according to claim 17 comprising: 

a copy of said model reference having an 
input from the input to said second adaptive filter 

a multiplier multiplying the output of said 
copy with the output of said first summer and sup- 
plying the resultant product as a weight update 
signal to said second adaptive filter. 

19. The invention according to claim 2 comprising a 
second filter modeling the quotient of said model 
reference and said active model, and a third filter 
modeling the quotient of said active model and 
said model reference, to improve the matching of 
active model response to the response of said 
model reference. 

20. The invention according to claim 19 wherein: 

said second filter is adaptive and has a fil- 
ter input from the output of said acoustic path, a 
filter output to said summer, and an error input 
from the output of said summer; 

said third filter is adaptive and has a filter 
input from the output of said model reference, a 
filter output to said summer, and an error input 
from the output of said summer. 

21. The invention according to claim 19 wherein: 

said second filter is adaptive and has a fil- 
ter input from the output of said acoustic path, a 
filter output to said summer, and an error input 
from the output of said summer; 

said third filter is adaptive and has a filter 
input receiving input noise, a fifter output to the in- 
put of said model reference, and an error input 
from the output of said summer. 

22. The invention according to claim 19 wherein: 

said second filter is adaptive and has a fil- 
ter input receiving input noise, a filter output to 
the input of said acoustic path, and an error input 
from the output of said summer, 

said third filter is adaptive and has a filter 
input from the output of said model reference, a 
filter output to said summer, and an error input 
from the output of said summer. 

23. The invention according to claim 19 wherein: 

said second filter is adaptive and has a fil- 
ter input receiving input noise, a filter output to 
the input of said acoustic path, and an error input 
from the output of said summer 

said third filter is adaptive and has a filter 
input receiving input noise, a filter output to the in- 
put of said model reference, and an error input 
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from the output of said summer. 

24. An active acoustic attenuation system compris- 
ing: 

an output transducer introducing a cancel- 5 
ing acoustic wave to attenuate an input acoustic 
wave and yield an attenuated output acoustic 
wave; 

an error transducer sensing said output 
acoustic wave; 10 

a first adaptive filter outputting a correc- 
tion signal to said output transducer to introduce 
the canceling acoustic wave; 

a model reference having a selectably pro- 
grammable response; is 

an active model comprising in combina- 
tion the acoustic path between said output trans- 
ducer and said error transducer and a second 
adaptive filter such that the combination of said 
acoustic path and said second adaptive filter 20 
adapt ively models said model reference such 
that the combined response of said acoustic path 
and said second adaptive filter provides an ac- 
tive model response matching the response of 
said model reference. 2$ 

25. The invention according to claim 24 comprising a 
summer summing the outputs of said model ref- 
erence and said active model and providing the 
resultant sum as an error signal, and wherein said 30 
second adaptive filter has a filter input from said 
error transducer, a filter output to said output 
transducer, and an error input from the output of 
said summer. 

35 

26. The invention according to claim 25 comprising a 
second summer summing the outputs of said first 
and second adaptive filters and supplying the re- 
sultant sum to said output transducer, and where- 
in said first adaptive filter has an error in put from 40 
said first summer. 

27. The invention according to claim 26 comprising: 

an auxiliary noise source introducing aux- 
iliary noise to said model reference and to said 45 
active model; 

a third adaptive filter having a filter input 
receiving said auxiliary noise; 

a third summer summing the output of said 
third adaptive filter and the output of said error so 
transducer and supplying the resultant sum as an 
error input to said third adaptive filter. 

28. The invention according to claim 27 wherein said 
second adaptive filter comprises first and sec- 55 
ond algorithm filters each having an error input 
from the output of said first summer, and com- 
prising: 



a fourth summer summing the outputs of 
said first and second algorithm fitters and supply- 
ing the resultant sum as an input to said second 
summer; 

a first copy of said third adaptive filter hav- 
ing an input from said error transducer; 

a second copy of said third adaptive filter 
having an input from the output of said fourth 
summer; 

a first multiplier multiplying the output of 
said first copy with the output of said first summer 
and supplying the resultant product as a weight 
update signal to said first algorithm filter; 

a second multiplier multiplying the output 
of said second copy with said output of said first 
summer and supplying the resultant product as a 
weight update signal to said second algorithm fil- 
ter. 

29. The invention according to claim 28 comprising: 

a third copy of said third adaptive filter 
having an input from the input to said first adap- 
tive filter; 

a third multiplier multiplying the output of 
said third copy with the output of said first sum- 
mer and supplying the resultant product as a 
weight update signal to said first adaptive filter. 

30. The invention according to claim 27 comprising: 

a fourth copy of said third adaptive filter 
having an input from the output of said first adap- 
tive filter; 

a fifth summer summing the output of said 
fourth copy and the output of said first summer 
and supplying the resultant sum as an input to 
said first adaptive filter. 

31. The invention according to claim 28 wherein said 
first adaptive filter comprises third and fourth al- 
gorithm filters, and comprising: 

a fifth summer summing the outputs of 
said third and fourth algorithm filters; 

a sixth summer summing said auxiliary 
noise and the output of said fifth summer and 
supplying the resultant sum to said second sum- 
mer; 

a third copy of said third adaptive filter 
having an input from the input to said third algo- 
rithm filter; 

a fourth copy of said third adaptive filter 
having an input from the output of said fifth sum- 
mer; 

a third multiplier multiplying the output of 
said third copy with the output of said first sum- 
mer and supplying the resultant product as a 
weight update signal to said third algorithm filter; 

a fourth multiplier multiplying the output of 
said fourth copy with the output of said first sum- 
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mer and supplying the resultant product as a 
weight update signal to said fourth algorithm fil- 
ter. 

32. The invention according to claim 31 comprising a s 
fourth adaptive filter modeling the quotient of 
said model reference and said active model, and 
having a filter input from the output of said sixth 
summer, a filter output to said second summer, 

and an error input from the output of said first to 
summer. 

33. The invention according to claim 32 comprising: 

a fifth copy of said third adaptive filter 
having an input from the output of said sixth sum- 15 
men 

a fifth multiplier multiplying the output of 
said fifth copy with the output of said first sum- 
mer and supplying the resultant product as a 
weight update signal to said fourth adaptive filter. 20 

34. The invention according to claim 24 comprising: 

a first summer summing the outputs of 
said model reference and said active model and 
providing the resultant sum as an error signal; 25 

an auxiliary noise source providing auxili- 
ary noise; 

a second summer summing said auxiliary 
noise and the output of said first adaptive filter; 

a third adaptive filter modeling the quo- 30 
tient of said model reference and said active 
model, and having a filter input from the output of 
said second summer; 

a third summer summing the outputs of 
said second and third adaptive filters and provid- 35 
ing the resultant sum to said output transducer. 

35. The invention according to claim 34 comprising: 

a fourth adaptive filter having a filter input 
from the output of said third adaptive filter; 40 

a fourth summer summing the output of 
said fourth adaptive filter and the output of said 
error transducer and supplying the resultant sum 
as an error input to said fourth adaptive filter 

a copy of said fourth adaptive filter having 45 
a filter input from the output of said second sum- 
mer; 

a multiplier multiplying the output of said 
copy with the output of said first summer and sup- 
plying the resultant product as a weight update so 
signal to said third adaptive filter. 

36. An active acoustic control method comprising 
providing a model reference having a selectably 
programmable response, and actively modeling 55 
said model reference with the combination of an 
acoustic path and an adaptive filter such that the 
combined response of said acoustic path and 



said adaptive filter provides an active model re- 
sponse matching the response of said model ref- 
erence. 

37. The method according to claim 36 comprising: 

introducing an acoustic wave to said 
acoustic path with a first transducer; 

sensing the response of said acoustic 
path with a second transducer; 

summing the outputs of said model refer- 
ence and said active model with a summer and 
providing the resultant sum as an error signal; 

providing said adaptive filter with a filter 
input from said second transducer, a filter output 
to said first transducer, and an error input from 
said summer. 

38. The method according to claim 37 wherein said 
acoustic path is subject to external disturbances, 
and comprising introducing auxiliary noise to 
said active model from an auxiliary noise source, 
said auxiliary noise being random and uncor re- 
lated to said external disturbances, summing the 
output of said adaptive filter and said auxiliary 
noise and providing the resultant sum to said first 
transducer, providing the output of said active 
model to the input of said adaptive filter and to 
said first mentioned summer. 

39. The method according to claim 37 comprising 
modeling the quotient of said model reference 
and said active model with a second filter, to im- 
prove matching of said model reference and said 
active model. 

40. The method according to claim 37 comprising 
modeling the quotient of said active model and 
said model reference with a second filter, to im- 
prove matching of said active model and said 
model reference. 

41. The method according to claim 37 comprising ad- 
ditionally attenuating an input acoustic wave, 
comprising introducing a canceling acoustic 
wave from said first transducer to attenuate said 
input acoustic wave and yield an attenuated out- 
put acoustic wave, sensing said output acoustic 
wave with said second transducer, outputting a 
correction signal from a second adaptive filter to 
said first transducer to introduce the canceling 
acoustic wave. 

42. The method according to claim 41 comprising 
summing the outputs of said first and second 
adaptive fitters and supplying the resultant sum 
to said first transducer, providing said output of 
said first summer as an error input to each of said 
first and second adaptive filters. 
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